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RESEARCH MEMORANDUM

COIWJSTIOIJPERFORMANCE EVKUJATION OF IWGNESIIRI-HYDROCARBONSLURRY

BIE7XOSINASRK%MTED TAXL-FIEE BURNER

By Leonard K. Tower and J. Robert llranstetter

EWMMARY

An experimental investigation was conducted to determine the com-
bustion properties of several magnesium-hydrocarbon slurry blends and
to indicate the feasibility of the application of slurry-type fuels to
high-speed aircraft. The magnesium fuel blends were evaluated in a
6-inch diameter simulated tail-pipe burner.

JH.gh_oncentration mgnesium slurries showed large improvements in
combustion stability and tail-pipe-burner net thrust. The 30- and
60-percent magnesium slurries burned stably between O and 1.4 equiva-
lence ratio, limited by puq capacity rather than ccmbustion. Compared
with the clear reference hydrocarbon, 141L-F-5624,30- and 60-percent
magnesium slurries produced 15-and 51-percent increase in net tail-pipe
burner thrust, corresponding to 5-and 14-percent increase in air specific
impulse, respectively.’ The 60-percent magnesium slurry exhibited an
-se efficiency of 94 percent, the highest of the fuels studied.

At thrusts high enough to exceed the air specific fmpulse attati-
able with the reference fuel (160 seconds) the 60-p=cent magnesium-
hydrocarbon slurry exhibited a lower fuel consun@ion than the 30-percent
magnesium slurry. The minimum fuel consumption was attained with
MIL-F-5624 fuel at air specific iqnil.sevalues below I-58seconds.

Eighest heat-transfer rates through the wall of the coxdmstor were
experienced with the clear reference hydrocarbon; the heat transfer
was reduced with increased magnesium concentrateion in the hydrocarbon
fuel, although the apparent ccmibustor-gastemperatures increased with
increased magnesiw ccmcentration. This reducticm in heat transfer was
attributed to formation of a ma~esium oxide film on the inner wall of
the ccmibustor.

Tnitial results
a slurries can be made

minor alterations to

8

indicate that fairly stable,’nonclogging magnesium
and injetted in a conventional conimstor with only
Pumps} meteys} controls, and sprays. The oxide
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deposition problem in the conibustordid not ‘appearserious
perature and thrust range covered in this investigation.

Ill_TRODUCTIOIl

8!

for the tem-
*

Investigations of the use of metallic fuels for high-speed air-
craft are being conducted at the NACA Lewis laboratory. Physical and
thermal properties of metals such as high heating values per unit
volume, per unit weight, per unit mass of air, and possible high
reactivity of metals with air offer potential increases in range

~thrust, and operating limits of high-speed aircraft (reference 1 .

The most logical application of metallic fuels appears to be in
rmkjets and jet-engine“tail-pipeburners since the absence of moving
parts in the exhaust minimizes the problems resulting from high combus-
tion temperatures and solid-oxide exhaust products.

Among the metals receiving ma~or attention as possible primary
jet-engine fuels are aluminum, boron, and ma~esium. Because of avail-
ability, aluminum and magnesium warrant consideration for early flight
application, although boron as well as other light metals appears to
offer improvements in performance over hydrocarbon fuels.

Metallic fuels have been supplied to contmstors in the form of
wires emd powders (reference 1), solid fuel beds (references 2, 3,
and 4) and in the present investigation as a slurry or suspension of
finely divided powders in a liquid. The slum=y fuel appears attrac-
tive inasmuch as minimum alterations to existing techniques of carry-
ing, metering, pLUUQing,and injecting fuel are involved. The slurry
fuel S2S0 permits flexibility in the choice of fuel t~e, and flexi-
bility of metal-liquid ratios.

Theoretical analyses (references 5 and 6) of the air specific
impulse (index of thrust) and fuel specific @ulse (index of fuel
consumption) of slurries of aluininumand of magiesium in a hydrocarbon
indicate that at thrust levels higher than those available with a con-
ventional hydrocarbon fuel, most economical operation.is attained by
using only the minimum concentration of metal necessary to produce the
increased thrust. This indicates the desirability of variation in
metal-hydrocarbon ratios to suit verying thrust requirements.

Magnesium-hydrocarbon slurry blends were selected for this inves-
tigation because of the relative fuel economy, desirable oxide char-
acteristics, the reactivity, and potential availability of the powdered
magnesium.

—
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Wgnesium-hydrocarbon slurry blends have fuel specific tmpulse
% values equal to or higher than those of aluminum-hydrocarbon slurries

at comparative thrusts above the maximum av&ilable for a hydrocarbon
alone (refere~ce 6). Also, severe oxide deposit problems have been
experienced in the co?dmstion of aluminum (reference 1) because the
melting point of aluminum oxide occur~ in the conibustoroutlet tempera-
ture range. The m~esium oxide met 7w point is higher than the normal
ccmibustoroutlet temperatures, hence the tendency of the oxide to

u).
* clinker and to fuse is reduced. Prelhinar y bench tests indicated that
d
N the reactivity of magnesium-h@ocarbon slurry fuels with ati would be

higher than that of the alumimum-hydrocarbon slurries.

A cmparison of cmibustor performance characteristics of a metallic
fuel in the form of a magnesium-hydrocarbon slurry with a typioal hydro-
carbon fuel has been attempte@ in this tail-pipe burner investigation.
The results of this cmqmrison should indicate the feasibility of the
application of metallic slurries to ra-~et cadbustors because of the
similarity of the ccmibustionenvironment. The conimstor performance
characteristics for.the magnesium-hydrocarbon slurry and reference
hydrocarbon fuel were determined by bench tests, photo~aphic studies,

* and combustion performsace. The tom?-ustionperformance of 5-, 13-,
30-, and 60-percent magne$ium in MIL-F-5624 (JT-3) compared to clear
MIL-F-5624 was obtained in a 6-inch-diameter tail-pipe burner. This

* investigation was ccnducted fra Noveniber,1950 to February, 1951.

APPARA!rus

A diagrammatic
shown h figure 1.

sketch of the simulated
Ccmkmstion air from the

tail-pipe installation is
central laboratcmy supply

was metered by an A.S.M.E. calibrated orifice, was mixed with metered
quantities of propane, and was burned in a standard turbojet ccn.&titor
can. A restriction producing a pressure drop approximating the turbine
expansion ratio was used to increase the pressure and to reduce the
inlet velocity in the can conibustorso that the inlet temperature and
exhaust-gas composition simulated full-scale tail-pipe conditions. The
precontnzstiongases passed through a yoke connected to the tail-pipe
test section. The yoke contained a window that permitted visual obser-
vation of the tail-pipe interior.

Fuel fijectors and f-holders were inserted in an uncooled
removable section ahead of the afr-cooled tail-pipe ctiustion chamber.
The cotiustion gases were expanded through an exit nozzle into a thrust
barrel. The exit nozzle area was 60 percent of the conibustion-chamber

b area.

.
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Tail-pipe fuel system. - The schematic
fuel system is shown in f&ure 2.

*

diagram of the tail-pipe
r“

Handling of the hazardous powdered magnesium was ~~zedby
transferring the magnesium directly from the shipping container into
the mixing tank. Nitrogen gas was introduced iqto the n@xing ttito

—

displace the air prior to mixing and transfer operations.
—

rsl
The slurrywas mixed and kept in suspension by a nonsparking

agitator. A high--speedpositive displacement screw-type pump located E

under the mixing tank circulated fuel to the tail pipe. Constant pres-
sure in the supply line was maintained by a notiouling pressure relief
valve. Fuel flow was meteredby an orifice, shown in figure 2, con-
toured to minimize slurry deposition. The differential pressure leads
contained slurry-settling chsafbers’filled with a clear hydrocarbon which
prevented slurry from entering the differential pressure transmitter.”
A needle ”valvelocated downstream of the orifice was used to regulate
fuel flow. .

Fuel sprays. - Three spray bars as illustrated in figures 3(a),
3(b), and 3(c) were used in this investigation; (a) a standard-spray
bar consisting of a partially flattened tube with many holes along the
flattened Sidej this type was used in the full-scale tail-pipe burner
of reference 71 (b) an aspirating multiorifice-s~y bar consisting of
two concentric-t&es, the-inner ~or fuel,
wall injection system consisting of eight
equally spaced around the burner wall.

Burner configurations. - Four burner
illustrated in figure 4 and characterized

the ou&-for atij and (~) a
water-jacketed orifices —

configurationswere tested as
in the following table:
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Configuration Burner Location of
* length fuel injector

(ill.) relative to
flameholder

(in.)

A I 45I I-2
Upstream

B 45 21
Upstream

c 55 l/4
Downstream

D 55 11
Upstresm

Fuel injector/ Flameholder

Aspiratin&
(fig. 3(b))

Aspirating
(fig. 3(b))

‘Type

Mo&iedb
v

Dual molyb-
denum wedge
coated with
molybdenum
disilicide

i7allinJec-
tibn
(fig. 3(c))

Aspirating
(fig. 3(b))

Conventional
v

Conventional
v

Blocked. “
area
(percent)

40

25”-”-

31

31

aThe side spray bar (fig. 3(a)) was.
tion A but was replaced with the aspirat~g spray bar because of

initialli used in configura-

slurry deposits.
●

b~e V.type fl~eholder was rnodified by adding scooP$ on the tra~@3

edge so as to direct magnesium into the sheltered zone.

Thrust barrel. - The thrust was measured by an enclosed barrel-
type thrust target shown in figure 1, similsr to a thrust bszrel used
in reference 8. The exhaust gases, expanded to a low velocity because
of the large area of the barrel, were cooled to a low temperature by
water sprays and directed to leave the bsrre~ at m angle of 90° to
the burner axis. The thrust was measured by a strain gage, seM -
balancing wheatstone bridge cficuit and continuous recording equipment.

Fuel. - The hydrocarbon reference fuel and base blend component
was a fuel (NACA fuel 51-21) which met MIL-F-5624 (JP-3) specifications
except for a minor discrepancy in Reid vapor pressure. Ccmplete anal-
ysis of NACA fuel 51-21 is given in Wble 1.

Two magnesium powders were used as the metal fuel blend component,
atomized magnesium as shown in figure 5(a), and ball-milled magnesium
as shown in figure 5(b). Table 11 lists an approxbnate analysis of
magnesium powders.

.

-.—

.
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The following fuels were evaluated:

Reference fuel Magnesium
M3Z-F-5624 Percent Type

(percent by weight) by weight

100 0 ------------
95 5 Atomized
87 13 Atmnized
70 30 Atomized
70 30 Bal.1-mi eda
40 60 %Atomized

%ntained l-percent gelling agent. L
b0.4-percent aluminum naphthenate (wetting agent) was

added to increase fluidity of the slurry.

u

PROCEDURE

Preparation for combustion operation. - The combustor, fuel lines,
and spray bars were thoroughly cleaned before each run. The thrust *

barrel was checked for freedom of movement, and callbratedby dead
weights before and @?ter each run. The ms,ximumdeviation in the thrust
cal.ibration’wasfound to be +1.7 percent. b

Weighed quantities of fuel were tied in the mixing tank and recir-
culated through the fuel system. After fuel uniformity was achieved,
the metering orifice was calibrated. This calibration was nmle before
each series of runs. The accuracy of the fuel-flow calibration was
estimated to be +3 percent at low fuel flows and +1 percent at high
fuel flows.

——

Co@ustion operation. - A constant conilm.stion-airmass flow of

about 2* pounds per second, a tail-pipe burner inlet temperature of

12000 F, and atmospheric pressure in the thrust barrel were maintained
during each series of runs. Data were recorded for the reference condl-
tion (tail-pipeburner off) before and checked after each series of runs.
Tail-pipe fuel was ignited by momentarily enriching the primary propane
fuel flow for the less active low=percentage slurries and clear
MIL-F-5624 fuel. Approximately 1 minute was allowed to establish
equilibrium conditions before data were recorded after initiating com-
bustion, and about 20 seconds for continuous operation between suc-
cessive points. About 1 minute was required to record data. Thrust
was taken as the integrated average during the data recording interval.
Approximately 2 pounds per second cm~ng air were passed through the

.

cooling jacket so that the burner wall temperature did not exceed
—

1100° F.
.-”;--r.w*- .
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Method of analysis. “-The tits redtictionmethods are shown in the
appendix.

Photographic studies of fuel sprays. - Photographic studies of fuel
sprays and of flow behind fl.smeholderswere conducted in a low turbu-
lence tunnel as shown in figure 6. A 150-microsecond flasht~e located
behind a l/16-tich slit gave side illumination of the sprays adequate
for a conventional camera. The fuel was introduced through spray bars
similar to those shown in figures 3(a) and 3(b), modified in the case
of the end-tiew spray photographs so that all but the two spray holes
in the plane of the light slit were closed. Photographs of flow behind
the flameholder were taken with a sflrayb= of the type shown-in fig-
ure 3(a) mounted as shown in figure 6.

RESUIDS AND DIEZUSS1ON

Physical Characteristics of Slurries

Stability. - Conventional slurries of powdered magnesium and avia-
tion gasoline settle rapidly causing difficult handling problems.
Stable suspensions of magnesium in hydrocarbons have been attemptedby
electrostatically charging the particles, adding chemical repellents to
the sltiry, use of viscous hydrocarbon carriers, adding gelling agents
to conventional hydrocarbon carriers, and controlling particle size.

Successful results have been achieved with the gel and controlled
particle size techniques. Slurries stable for periods of several weeks
have been achieved wi~h less than 1 percent by weight of gel additive.
Stable slurries can be made by reducing the metallic particles to col-
loidal size. Similarly, very small particles such as the atomized mag-
nesium shown b figure 5(a) require only a slight agitation to maintain
a uniform suspension at lower magnesium concentrations in hydrocarbon
fuel. A slurry of 60-percent magnesium and 4&percent MIL-F-5624 fuel
(JP-3) is of paste-like consistency, and fairly stable without
agitation.

Metering and flow. - Metering and flow characteristics of slurries
of atomized magnesium were dmilar to the hydrocarbon carrier. Fig-
ure 7 shows the calibration curve of the slurry metering orifice
illustrated in figure 2. The data of the orifice calibration curve
exhibit only normal scatter and establish the fact that the non-
stabilized slurry fuels tested (O- to 60-percent atomized magnesium)
followed the conventional orifice equation
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where

Wf fuel weight

K constant

A orifice area

flow

NACA RM E51C26
S -.

-.

. ..-

X
P density

AP orifice differential

Preliminary results with the gel-stabilized slurry of atomized
magnesium indicated similar agreement to the general liquid flow
characteristics.

—

Spray characteristics. - The spray dispersion of a 30-percent
atomized magnesium slurry containing no gel additives was similar to
the clear reference fuel under the conditions at which figure 8 was

.

photographed. —.

Similar photographs (fig. 9) at a higher inlet-air velocity illus-
9

trate the spray dispersion of 30-percent magnesium fuels stabilized by
the use of a gelling agent compared to the spray profile of a clear
fuel, MIL-F-5624. Increasing gel-additive concentration; resulting in

.-

increased apparent viscosity, caused a coarsening of spray as the fuel
—

was altered from clear MIL-F-5624 (JP-3) to a slurry of an apparent
viscosity of 800 to 1600 centi~oises. Stable 30-percent magnesium
MIL-F-5624 (JP-3) slurries have been achieved with apparent viscosity
indexes of 200 centipoises, hence, figure 9(b) is most representative
of the expected isothermal,sprayprofile of gel-stabilized slurries.

A method of minhizing the spray distribution problem for gel-
stabil.izedslurries by the use of an asphting spray bar is shown in
figure 3(b). The spray phtiograph (fig. 10(a)) with aspirating air off,
exhibits a coarse spray similar to the spray shown im figure 9(b).
Atomizing materially reduced the spray droplet size, as shown in fig-
ure 10(b). The use of an aspirating spray bar has been projected for
a tail-pipe tistallation where air is available by compressor .
bleed-off.

--

Recirculation behind flameholder. - Photographs of gel-stabilized
slurry sprays shown in fi~e ~ illustrate“fueldistribution problems
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in the flameholder region. The photograph (fig. l.l(a))of.a conven-
-* tional V-type flameholder with a 400-centipoise, 30-percent magnesium-

slurry spray indicates that the conglomerated slurry particles tended
to bypass the recirculatia region gf the flsmeholder. A scoop added to
the trailing edges OP the flamehdder, shown in figure n(b), produced a
higher concentration of -gnesium particles in the piloting zone. Injec-
tion of the slurry fuel at the plane of the flameholder as shown in con-
figuration C of figure 4 also tended to encouxage magnesium concentra-
tion h the retiircula~ion,piloting zone behind the flaneholder.

Fuel deposition. - Several magnesium deposition problems other than
the aforaentioned slurry-settling characteristics have been observed.
The 30-percent ball-milled ma~esium, although suspended in a gel-
stebi13zed slurry form, clogged fuel and spray orifices. The clogging
characteristic i-sascribed to the size and irregular shape of the mag-
nesium produced by the ball-mill process as is shown in figure 5(b).
The use of atomized magnesium as shown in figure 5(aj minimized the
cloggimg tendency. The magnesium powders producedby the atomizing
process exhibit a regular spherical shape for most particle sizes as

amination of the photomicrographs. Depositioncan be seen by close ex
. of magnesium in the uncooled fuel-spray bars occurred during inter-

mittent operation of the tail pipe. The spray bars were tmnersed in a
1200° F cotiustion gae stream, s+ when the tail-pipe fuel was turned

●

off, the hydrocarbon carrier evaporated, leaving a plug of dry mag-
nesium. The fuel-spray plugging problem was minhized either by

--

co
+
A
N

-—

purging the conventional spray bar (fig. 3(a))
operation, or by using the atotizimg spray bar
the inner fuel ttie cool, or by the use of the

with clesr fuel aft=
(fig. 3(b)) which kept
liquid-cooled wall

spray (fig. 3(c)).

Cotiustion Performance

Pre13mimry combustion tests of magnesium slurries. - Initial tests
with a 30-percent ball-milled magnesium MIL-F-5624 (JP-3) slurry in the
simulated =ail-pipe burner confi~ation A in figure 4 showed etidence
of the codmstion of magnesium, but deposition problems in the fuel line
prevented determination of satisfactory data.’ A ccndmstion-performance
comparison between a 30-percent slurry of atomized magnesium in
MIL-F-5624 (JP-3) and the clear MIL-F-5624 fuel was attempted in the
same configuration. The scoop-type flameholder was used in these tests
to increase the reticulation of the slurry fuel in the flameholder
region. The clear M3L-F-5624 fuel indicated an approximate impulse
efficiency of 90 percent at an equivalence ratio of 1 and burned over
a limited band of equivalence ratios. The 30-percent slurry fuel
exhibited a comp=able impulse efficiency at an equivalence ratio of

.
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1 and burned over the ccmplete band of equivalence ratios available from
the fuel pumping system. “Visualobservation, later confirmed by burner ti-

disassenibly,indicated that the flameholder disintegrated during the
initial series of runs of the slurry fuel. Slight oxide deposits
immediately downstream of the spraybm showed that combustion occurred

—

as soon as the slurry tied with inlet gases and thus burned upstream
of the flameholder.

The tail-pipe burner flameholder was changedas shown in fig-
ure 4(b) to wedge-type flameholders of molybdenum coated with molybdenum
disilicide. Reference 9 indicated satisfactory operational life for
flsme--ersed molybdenum flameholders of this type. The co~ustion
performance for the 30-percent magnesium slurry with the wedge flame-
hohier was characterizedby wide stability limits and appsment Ix@
efficiency, but due to failure of the wedge mount the flameholder was
again missing after the run. An oxide deposit blocking approximately
12 percent of the conibustorarea at the flameholder station was the
only obvious flame seat in the tail-pipe burner.

The data for these preliminary tests are not presented because of
lack of reproducibility of thrust and fuel-flow measurements. However,

.

the 30-percent magnesium slurry @cated a marked increase in com-
bustor stability in comparison to the clear MIL-F-5624 fuel in terms of
fuel-air ratio stability limits, and flameholder requ&enwnts.

b

Performance evaluation of slurry blends. - The performance data are
presented as net thrust of the tail-pipe burner, air specific hpulse,
and fuel specific impulse. The net thrust is defined as the jet thrust
of the tail-pipe burner minus the jet thrust of the precodmstor (tail-
pipe burner .off)per pound of cofiustion air. The air specific impulse
(total stream momentum/lb air, at a Mach number of 1} and fuel specific
impulse (an index of fuel consumption) permit comparison of perfornmnce
data to the theoretical data of reference 6. Compilation of the perform-
smce data is presented in table III.

Figure 12(a) presents the tail-pipe burner net thrust, tail-pipe
burner inlet total pressure, and inlet velocity as a function of tail-
pipe burner equivalence ratio for O-, 5-, U-, 30-, and 60-percent
atomized magnesium in MIL-F-5624 (JI?-3)fuel evaluated in configura-
tion C of figure 4. The wall injection system was used for the slurry
performance evaluation because of flsmebolder failure resulting from
upstream injection. The data presented for the reference hydrocarbon,
clear MIL-F-5624, are optimistic inasmuch as csperationcould be sta-
bilized for only a few seconds. The addition of 5-percent magnesium
produced no appreciable chsmge in performance when ccxqparedwith clear
MIL-F-5624 fuel. The performance data for the 13-percent magnesium

.
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slurry indicate an improved stability band between 0.8 and 1.4 equiva-
U lence ratio compared to the clear MEL-F-5624 fuel. The thrust data

shown for the 13-percent magnesium slurry sxe presumably in error since
the reference thrust with zero tail-pipe burner fuel flow at the
beginning and end of the run did not.check. The net thrust would be

approximately ~ pounds luwer if based on reference thrust after the

s=ies of runs. Hence, comparison of the data for the 13-percent slurry
is restricted to eq@valence ratio stability limits.

The net thrust of the 30-percent magnesium slumy is 15 percent
higher than the clear MEL-Y-5624 fuel at an equivalence mtio of 1.14.
The 30-percent magnesium slurry burned stably over the complete
equivalence ratio range available frcm the slurry fuel system.

The 60-percent magnesium slurry also burned stably over the entire
range of equivalence ratios permitted by the fuel system. The net
thrust of the 60-percent slurry was 51 p~cent higher than the clear
MIL-F-5624 (JP-3) fuel at an equivalence ratio of 1.14. The eq..va-
lence ratio shown by the tailed datum petit of the 60-percent slurry

* may be in error by the amount Indicated by the arrows because the design
differential pressure of the fuel meterhg device was exceeded dur~
this high-flow run. Ihta at the lower equivalence ratios are valid.

4

The air-specific-hupulse data corresponding to the net-thrust data
of figure 12(a) sre presented in figure 12(b) for the O-, 5-, 30-, and
60-percent magnesium slurry. The 13-percent magnesium data are deleted
because of the aforementioned thrust discrepancy. On the basis of air
specific impulse the 30- and 60-percent magnesium slurries compared to
the reference hydrocarbon show 5- and 14-percent ticrease, respectively,
at an equivalence ratio of 1.14. #

The operation of the MIL-F-5624 fuel was unstable when injected
behind the flameholderj hence, the reference fuel was rerun with a more
optimwn fuel injection system as shown in configuration D of fi~e 4.
The increased vaporization and fuel mixing length increased the com-
bustion performance as shown in figure 13(a). Included in figure 13(a)
are the faired data for the slurries consisting of J5L-F-5624 and O-,
30-, and 60-percent magnesium of figure 12(a) (configuration C!,wall
injection). The stability limits of the reference fuel in the optim.ized
injection system were extended to a range between 0.43 and 1.25 equi-
valence ratio and the net thrust increased by 8 percent compared to the
wall Q ection data. The net thrust of the wall-injected 30- and
60-percent magnesiw slurry was 7- afi @-percent higher, respectively}
than the optimized ~-F-5624 reference fuel at an equivalence ratio

.
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of 1.14. On the basis of air specific _se

the wall injected 30- and 60-percent ma~esium

NACA RM E51C26
w --

shown in figure 13(b)
w

slurries were 2$ and

12 percent htgher than the MIX-F-5624 reference fuel in the optimized
configuration at 1.14 equivalence ratio. ..

The effect of metallic blend concentration upon impulse eff5.aiency
(actual air specific impulse compared to theoretical specific impulse)
is shown in figure 14. Theoretical”air.specific-impulsedata for

N

magnesium are available at an equivalence ratio of 1 in reference 6. E
Because the theoretical aitispecific impulses given are on the basis of
total fuel, the actual data are compsred’on the basis of tail pipe plus ‘
precombustor fuel flow. The data presented for the reference fuel
MIL-F-5624 injected from the wall were extrapolated to an eq~valence
ratio of 1.

The impulse efficiency of the reference fuel injected.as shown in
figure 4(c) (wall injection) was about 89 percent as coqyared to the
optimized in~ection for the ssme fuel which gave about 92 @rcent. The
impulse efficiency increased with increase i.nmagnesium concentration
to an impulse efficiency of 94 percent for the 60-percent magnesium .

tail-pipe fuel. The 60-percent magnesiun,tail-pipeburn=” fuel com-
.

pares to S1-percent,magnesiumon the basis of total fuel flow. The data
h this tail-pipe-burner investigationfor the 5-2 13-J and 30-percent

●

magnesium slurries should similarly be reduced when the tail-pipe-b-r
performance data is transposed to mm-jet performance data.

An analytical performance evaluaticm based upon thermodynamic equi-
librium calculations (reference 6) predicted higher weight consumption of
fuel per pound thrust for magnesium-hydrocarbonblends than for clear

.-

hydrocarbon fuels up to an equivalence ratio of 1 for the hydrocarbon
fuel. In figure 1-5$theoretical cmves illustrating the fuel-consumption
characteristics in terms of fuel specific impulse against air specific
tipulse are presented for the follow~ fuels: aviatiagasolhe,
pure magnesium> and slumies contahing aviation gasoline and 24- and
51-percent magnesium (c~esp@3ng,to a 30- and 60-percent sluz%y on
the basis of fuel supplied to the tail-pipe buzmer alone). These are
compared to expertiental data d MIL-F-5624 fuel in the optimized con-
figuration (fig. 4(d)), and 30- and 60-percent ma esium-hydrocarbon

rslurries with wall injection as shown in figure 4 c). Limited theo-
retical curves for the slurry fuels are shown since snaltiical data are
available only at an equival&ce ratio of 1.

Below an aik specific tipuhe of 158 seccmds
carbon fuel had the highest fuel s~cific impulse
the 60-peroent magnesium fuel had the lowest fuel

the reference hydro-
(best fuel economy);
specific hpul.se.

.

.
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However, the magnesium slurries permitted operation at higher values of
* air specific impulse than were obtainable with the hydrocarbon fuel in

accord with the theoretical prediction. At air-specific-impulse values
higher than 160 the fuel specific impulse was higher for the 60-percent
magnesium slurry than for the 30-percent magnesium slurry indicating
better fuel econ~ in the high-thrust region for the 60-percent mag-
nesium slurry than for the 30-percent slurry, apparently because of

co
improved cotiustion efficiency.

+
.

t-l
(u Heat transfer. - The effect of magnesium-slurry ccmibustionon heat

transfer through the burner walls is shown in figure 16. The heat
rejected through the ccmibustorwall to the air-cooled jacket cme shown
for several equivalence ratios for the clesr MIL-F-5624 fuel with the
optimized injection system and the 13-, 30-, and 60-percent wall-
inJected magnesium-hydrocarbon fuel blends. The apparent exhaust-gas
temperatures calculated from the jet thrust are included in figure 16.

The highest heat transfer occurred with the clear refa?ence fuel
and decreased with increased percentage magnesium.

-.
These results are

contrsry to the generally expected trend previously reported in ref-.
erence 1, of increased heat transfff with conibustionof a metallic fuel,
and increased a~parent temperature. Although considerable scatter was

●
present in the heat-transfer data, the trend of reduced heat transfer
with increased metal concentration is definite. The reduced heat
transfer was presumably causedby the 1/32- to l/16-inch thick oxide
coating which formed on the walls during operation with the magnesium
slurries. The data for the 13-p=cent slurry eonfizms probable error
in the thrust shown in figure U inasmuch as the heat transf= was the
lowest of the fuels tested, hence indicating lowperformnce.

Burner deposit. - The conibustionchamber was exsmined for deposits
after each series of magnesium slurry runs. Maximum accumulation of
deposits was in the fuel injector region. Figure 17 illustrates the
most severe deposit obtatied for injection as in figure 4(c). The
photograph was taken downstream of the flameholder injection station
titer 30-minutes operation with a 60-percent magnesium slurry. The
deposits occurred ~e&Lately downstream from the injection ports.
Chemical analysis showed the deposits to be 9~-percent magnesium oxide.
It is believed these deposits were aggravatedby the extremely low-
injection pressure differentials (about 5 lb/sq in.) obtained at the
lean, or low equivalence ratio, data points. The remainder of the
combustor was clean except for the aforementioned 1/32- to l/16-inch wall
deposit. The etiust nozzle was free of any noticeable oxide deposit,
and no detectable erosion was observed during this investigation.
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SUMMARY OF RESIHX!S

The combustion performance of slurry-type fuels consisting of
varying percentages of magnesium powder suspended in a hydrocarbon fiel
were evaluated in a 6-inch-diametertail-pipe burner. Preliminary bench
tests and photographic studies were made of the flow and stability .-

characteristics of magnesium slurries. The results of this investiga-
tion are as follows:

co

1. The cotiustion stability of the slurry fuek! with higher con- ~

centration of ma~esium showed marked improvement over a reference
hydrocarbon fuel MIL-F-5624. The 30- and 60-percent Mgnesium slurries
burned stably over the entire range of fuel flows available from the .:

fuel supply system, corresponding to an equivalence ratio range between
O and 1.4.

2. The use of magnesium as a blending agent in a hydrocarbon fuel
produced a 15- and 51-percent increase tinet tail-pip bw?ner t-t
for 30- and 60-percent magnesium slurries, respectively, compared to
the refaence l@3rocarbon-injectedunder similar
formance comparison on the basis of air specific
and 60-pmcent slurries showed 5- and 14-percent
impulse than the reference fuel, respectively.

3. The hydrocarbon reference fuel evaluated

conditions. The per-
impulse for the 30- .

hi@er air specific

8

in an opt~zed com-
buster configuration exhibited mintium fuel consumption up to an air
speoific impulse af 158 seconds, the maxhun ah specific impulse obtati-
able from the hydrocarba fuel. Above an air speciftc impulse of 160,
however, the 60-percent magnesium slurry demonstrated a lower ftil con-
sumption than the 30-percent nwgnesium slurry.

4. Eighest heat-transfer rates through the burner walls were
experienced with the clear hydrocarbon reference fuel; the heat transfer
decreased with increasing metal-fuel concentration,presumably because
of a thin magnesium oxide coating on the inside wall of the burner.

—

5. No serious oxide
slurry fuels; on~minor

6. Stable magnesium
gelling agents.

deposition problems were present with magnesium
oxide layers were formed on the conibustorwalls.

hydroc&bon slurries were made by the use of

7. The use of high concentration gelling agents may
severe fuel spray and fuel distribution problems because
viscosity of the slurry.

~.

introduce
of the increased ‘

.

.
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*

8. The use of properly sized and shaped metal powders permitted .
9 successful flow, metering, and inJection of magnesium hydrocarbon

slurries.
N

P 9. Injection of a slurry upstream of conventional flameholder was
& limited because the high reactivity of the magnesium slurry induced

comknzstionupstresm of the flameholder and caused the fLameholder to be
destroyed.

Lewis Flight Propulsion Laboratory,
“ National Advisory Committee for Aeronautics,

Cleveland, Ohio.

.

.
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. APPENDrx - C.ALCULA.TIOIW

The folhwing s@ols are used in the calculations
figures:

Ai

An

E.R.

Fn

ff,s

g

E/c

%’

mi

mn

Pf

Pn

QR

R

r

SA

SF

Ti

%

ATc

. . . . . -. --. --”

area at inlet to tail-pipe burner, sq in.

area of nozzle exit, sq in.

equivalence ratio of tail-pipe burner

recorded set thrust, lb

stoichiametric fuel-air ratio for tail-pipe burner fuel

acceleration tie to gravity, ft/sec2

hydrogen-csxbonweight ratio of hydrocarbon in tail-pipe burner
fuel

Mach number at nozzle exit .4

molecular weight of gas at inlet to tail-pipe burner

moleculsr weight of gas at tail-~ipe burner nozzle exit

inlet total pressure to tail-pipe burner,”lb/sq in. absolute

static pressure at nozzle exit, lb/sq in. absolute

tail-pipe burner heat loss to cooling air, Btu/sec

universal gas constant, 1544 ft-mol/OR

weight fraction of magnesium in tail-pipe burner fuel

air specific impulse, sec

fuel specific impQse, sec ●

inlet total temperature to tail-pipe burner, ‘R — —

apparent nozzle static temperature, ‘R

tail-pipe burner cooling-air temperature rise, OF

.—
*

b

~

Cn
.-

—
.

=

.

L-

.—

—

—

—

. .—

—. -.

.
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v~
9.

Vn

J WaJ
.
>

wa,c

wa,u

we.

Wf ‘

‘g,n

‘P

l-n.

‘?(Mn)
.

.

E51C26

inlet velocity to tail-pipe burner,

17

velocity at burner nozzle exit, ft/sec

conibustionair-flow rate, lb/see

tail-pipe burner cooling-six-flowrate, lb/see

weight of “unburned” air available to tail-pipe burner fuel,
lb/see

weight flow of combustion products, l.b/sec

fuel-flow rate to tail-pipe burner, lb/see

weight flow of gaseous products at nozzle exit, lb/see

preconkmzstorfuel-flow rate, lb/see

ratio of specific heats at nozzle

stream thrust correction factor to

Tail-pipe burner equivalence ratio. -
tail-pipe burner was defined as

we

Mach nwiber of unity

J.E.RO – ff,s ‘a~u

where the ratio of the tail-pipe fuel to the
tail-pipe burner was

Wf Wf
-= .- ,

The equivalence ratio of the

wa,u Iwal- %
0.0640 WS.1

(Al)

unburned air entering the

& -A

and the stoichicmetric fuel-air ratio for the tail-pipe fuel was

ff,s = 1 + H/C

11.48 {1-r) + 3E/c + ~“2471r&/c)]

{A2)

(A3)
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1.

Velocity at the burner nozzle. - The velocity at the burner nozzle
is ccmputed from the expression . &

One-dimensional

32.2 Fn 32.2 Fn
Vn =

~wa + Wp + Wf) ‘~ (A4) !
—.—

:

flow with temperature and velocity eauflibrium of solid ..
and gaseous products in the exhaust was assumed. ‘If-the true average
nozzle exit velocity of the particles were 50 percent that of the gaseous
products, the assumption of velocity equilibrium would cause a 4-percent
error in the calculated exit velocity of a 60-percent slurry at an
equivalence ratio of 1.

Tail-pipe-burnernet thrust. - The tail-pipe-burner net thrust is
defined as the measured jet thrust during tail-pipe-burner qperation
minus the jet thrust,under conditions of preccmbustor operation alone
per pound of cmbustion air.

Apparent static temperature at thenozzle exit. -
.

tn=~%PnVn
1544 Wg,n ,

Thermal equilibrium was assumed betwe,enthe solid and gaseous
phases at the nozzle exit and volume of the solids was considered
negligible. The weight of gaseous products was determined by

( 40.32
‘g)n =Wa+wp+wf l-—

)24.32 r (A6)
— .—

Because of the assumptions of velocity and temperature equilibrium,
and indefinite nature of the exhaust pr~ducts, the calculated nozzle-
exit temperature should be considered as an apparent static nozzle-

—

exit temperature, particularly subject to-deviation from the real tem-
perature above an equivalence ratio of 1.0,

are

The

Stream thrust. - Air and fuel specific impulse, as reported herein,
—

determined from me stream thrust function defined in reference 9.
stream thrust function was expressed as follows:

(A7) .

-
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A

The correction factor ~(~) was”represented by the expression

Mn
~{Mn) = (A8)

1 -I-TnMn2

j, This function (A8) converted the stream
J

thrust at a Mach nsiuiberof 1.

The Mach ntier at the nozzle exit

thrust at the nozzle to stream

was estimated from the equation

“f=== (A9)

As in the case of the static nozzle-exit temperature, the volume
of the solid ccmibustionproducts was ccasidered negligible.

.

The functi~ ~Mn) is affected by the values assumed for ~n>
since ~n is involved directly in equation (A7) and also indirectly as*
it is used in computing ~. For the experimental data presented
herein, the value of Mn at an equivalence ratio of 1, the petit at

which the performance data were ccqmred to the theoretical values of
reference 6, was in the order of 0.7. A variatim of Tn between 1.4
and 1.1 results in about ~ percent increase in ~Mn) at these

typical conditions.

Air specific hpulse. - Air specific impulse was defined (refer-
ence

as

.

10) as the ratio

SA =

Fuel specific impulse.

SF=

&An + Fn) ~(~)

Wa
{Ale)

- Reference 10 defined fuel specific impulse

kn & + ‘n) +{%)
(Wp + Wf)

(All)

where the total fuel-flow rate was Wp + Wf.



20 ~’ NACA RM E5iC26

Tail-pipe burner inlet velocity.
flameholder was calculated as

W. R

h

- The velocity upstresm of the .
. —-

% .vi=~.pi%%
“%

(A12)
“$

Inasmuch as the inlet Mach nuniberwas low, the conversion of total
pressures and temperatures to static was neglected. we mean @ecu@r
weight was taken as 28.97 and the propanefreight”flow

Tail-pipe burner heat loss to cooEr@ air. - The
the cooling air was deternd.nedby the equatfon

&=0.24 Wa,c (NC)

was neglected.

heat reJected to ‘ ““--

(m)

.

●

,

-.
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T!&6LEI - SPECIFICATIONSAND MQiGYSISOF REFERENCEFUEL

Specifications &lalysi13
MIL-F-5624 MIL-F-5624

NMA 51-21

A.S.T.M.disiillaticm
D 86-46,%?
Mtial boilingpetit ------------- 112
Percentagee~porated

5 ------------- la
10 ------------- 164
20 ------------- 216
30 ------------- 266
40 ------------- 304
50 ------------- 340
60 ------------- 374
70 ------------- 406
80 ------------- 433
90 400 (min.) 464

Final boilQg point 600 (max.) 522
Residue,(percent) 1.5 (max.) 1.2
Loss, (percent) 1.5 (ZlsX.) 0.8

Armatics, (percentby
volume)A.S.T.M.
D-875-46T 25 (msx.) <5

Specificgravity 0.728 (ndn.) 0.753
Reid vapor pressure,
(lb/sqin.) 5-7 4.8

Hydrogen-carbonratio ------------- 0.174
Net heat of ccatmstion,

(Btu/lb) 18,400 (b.) 18,841

TABLE II - CHARACTERISTICSOF MAGNESIUMPOWDER

—

Ball-milled 95-99

Atxndzed 99

I I

%knufacturer’s estimate.

—
Particlesize distribution
Total numberl~ticle size
of particles (ticrons)
(percent)

5-10 80-100
25-30 10-80
Balance 1-1o

J3__LE-
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TU III - CCUPILATICU

umer
mPfg-
ratton

c

w30m-
lBtOr
Ilet
mr-

!&f
44
42
44
43
4s
45
43
42
42
42
42

%
4s
43
45
42
46
46
47
42
46
46

48

r9m-
Uator
ffiofen J
permot !

nil-pip4
1*1 flow
lb/aaa)

Series hglmsium
,naftOr-
tiF4 fuel
m~t)

* flow
lb/aeo )

-PsM PreOOm-
:1OW buator
,lb/nw ) ftztz~ir

ail-pipe
.rJht
;Otal
Irannum
(lb/aq
.n. ma. )

17.3
22.1
22.6
22..4.
21.4
20.1
19.4
22.0

E::
22.0

17.5
21.6
22.1
----
28.1
22.0
----

:::

!%:
20.0
---
...-’

m 1-pips
Uel-air
wtle

0.04s4 o.oi70
.04s8 .017s
.04s5 . .0172
.0440 J3174
.0438 .0174
.043.8 .0174
.0438 :0173
.0440 .0174
.0441 .0174
.0432 .0174
.0436 .0173

0.0439 0.0174
.0433 .0172
.0431.. .olm
.0431 .0122
.0422 .olm
.0428 .6170
.0428 ------
.0439 .0175
.0439 .0174
.043s .0174
.,04s9 .0174
.04ss .0174.
.043s .0178
.0439 .o17a

0.0432 0.0174
.0442 .0174

0;0442 0.0176
.0427 .0170
.0424 .0182
.0422 .0166
.0434 .0170
.0432 .0174
.0432 .0167

0.0426 0.0166

R%
1184
1126
1168
118.9
1204
1202
1212
1216
1225

1205
12W
1185

G
1120
--—
1-

%%
lm5

--—
----

90

%
63
23
65
86
26
89

Yo

0
.175
.232
.19s
.133,
.074
.030
.152
.202
.174
.192

.—
0
.lW
.lsa
.162
.146
.lM
.181
.lls
.022
.02n
.071
.03s
.044
.054

———
0
.142

. . .——
0
.23s
.222
.1s1
.166
.026
.131

o.369b

~

o
.164
.lsm
.116
.101
.102
.ml

o

0
.0684
.0917
.0766
.0328
.0294
.Om
.08W
.0228
.0609
.0761 +

16 D 88
26
88

L
87

G
28
87
88
22
—
--

0
.0404
.0338
.2d27
.m73
.0603
.0632
.M68
.0320
.0314
.0278
.0217
.0176
.0216

h

.-

lmo
12S0

MM
1125
1190
1.170
U25

S%

3.NO

40
40

::

43
43
43

——
86
92

87
22
82
28
22
26
22

17.3
21.5

17.2
23.4
23.2
22.9
22.4

%:;

23.0

16A

17

3.72

c

o

,

0
0

80 ...
m60 .=
60
20
80
60

-
60

o
.0262

-
0
.w40
.0407
.0715
.Cdm
.0348
.0W5

90 o.1447b2.
-=

o 44

m T
0.0452 0.0178
.0426 .0170
.041s .0184
.0Z18 .0166
.041e .UP8
.0418 .0186
.0432 .0171
.0430 .0170

1222

M
1207
1205
1215
1220

47
46
46
46
44
4A ,.
.44
43

“67
90
92
91
91
92
m
91

17.4
22.4
22.8
21.8
18.8
18.6
21.8
17.6

0
.06s2
.0340
.0462
.0407
.0432
.0797

0

I I I I I

aInolude6 0.033 PMUKS per neoond of air to amiratin8. apras bar.
b3stimated. ,—

-

--
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OF PBnm2n4wc2 DATA

raihpi~6
lqliw-
Llmoe
m tfo

larrel
itat,io

‘H/y
n. ah.)

14.5
14.6
l&.6
14.6
14.s
14.8.
14.6
14:6
14.6
14.6
14.6

Mt.
K.zzls
yna
m h.]

17.2
17.2
17-2
17.2
17.2
17.2
17.2
L? .2
17.2
17.2
17.2

17.2
17.2
17.2
17.2
17.2
17.2
17-2
17s
17.2
17.2
1?.2
17.2
17.2
17.2

17.2
17.2

17.2
17.2
17.2
17.2
17.2
17.2
117.2

17.2

Nr
Bpealflu
Lm&y

9s.1
lel.7
166.5
184.7
152.5
L34.9
125 s
15’9.4
163.7
159.5
162.7

98.8

%::

H.9
157.a
-—
lSS.6
149.8
14S .6
140.5
133.8

W
Peclrlc

?5

5626
1’964
K2e
1715
2174
=64
5s60
2349
1636
1049
1742

6731
2s55
2234

G

-—-

Fz

R%

Iet thruaf.
,:btaiiy

Tmd
Lmment
mlau.3t-gain
,.~ture

[*at
ejeoted
zb=
lmll
Btu/see)
17.1
ma
46.6
48.2
43.2
3.9.2

.%:
42.7
4677
47.2

o
1.072
1.412
1.2M
.816
.434
.310

1:%
1.o#4
1.175

0
.817

1 .08&
1 .=9
L.les
1.217
1.273
.952
.7s3
.636
.564
.440
.360
.447

0
1.146

0
.ees
.924

%
.364

e

aL@lla.r

o
l.lel
.968
.E51
.736
.714

1.448
0

1.7W
-952
=56
.936
.9s7
.9W
.876
.946
;:%

-852

).763
.942
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—.
.952
.930

G
.937
.92s
.9L6
.902
—
—

1.7&J
.945

1.772
.6’20
.955
.255
S46
..566
.236

~

o
41.s
46a
44.5
34.7
21.8
15.6
59.4
45.7
40.1
42.7

0
35.0
393

G
36.9

;=
365a
5647
S278
2684

3478

3465
Sw

. a:
3s73
—
5395
3353.

20.9
34.3
42.7
—
4s.5
49.4

14.5
14.6
14.6
14.6
14.6
14.6
14.8
14.6
14.6
14.6
14.6
14.6

klstatlle

hatable
37.1
33.1
26.4
26.2
21.5

51.5
46.9
44.0
42.5
40.0—

—.
14.5
14.8

14.5
14.6
14.6
14.6
14.s
14.6
14.#

ha teble
nat4b1e

-—-

99.1
=.5

97-3
172.4
189.9
164.9
le8.6
132.4
149.8

185 S

--—
5705
23.12

5424
1543
1608
1733
1934
254a

~

0
36.S

0

%?
46.8
41.8
21-3
S6.8

60.9

L%
1495
4105

5843
S802
26S6
3267

4U7

16.6
28.1

18-1

%:
40.s
37.7
33.6
31.0

hs t.abla

36. S14.6

0 164

T
o.ea4 143
.952 14.4
.946 ‘14.5
.940 14.5
.6u 14.4
.662 14.4

17.2
17.2
17.2
17.2
17.a
17-2
17.2
17.2 T-

108.0 8064
186.7 aa63
164.1 2331
160.9
124.1 21e4
127.a 2139
172.a 1784
114.6 675

4:.7
41.2
37-3
6.7

12.9
462
0

1644
41cn
3C33
3745

23s2
4306

m=
-95i

I
14.5
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>
Air flow

37

(a) Cleer MZL-F-5624.

(b) 30-peroent nonatabilized slurry cf mgnesium.

~’
C-27430

Figure 8. - -Y @JtgJ@ of Cbm MHFF-56Z4and .sSO-percentnonstabllixedslurry m?
MgIIOSiUM. Inlet-air vehoity, 200 feet per second; fuel Jet velooity, approxhi~ely 26
feet per seoond;apprent ticoaity, 4 oenttpoises;tilet-airtemperature,60° J?;inlet-
air density, 0.05 pxnd per cubio foot.
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39

(a) Clear ML-F-5624; mtsccmlty, 4 oentipcises.

(b) 30-peroantslwzry of magnesiumccntahdng R gellingagent producingan appxrent
tiacoaltycf 300 to 400 centlpoisea.

(c) 30-prcent slurry & -slum contahing a gelliug agent pwhchg an apparent
viscosityof 800 to 1600 cemtIuclsee.

Figure 9. - Photographsshcw~ #feet & gellingagents C. spy fcrmation. Inlet-air
velocity,400 feet per mod; fuel jet ve10ci~Y, aPWOG~elY 26 feet per second;
inlet-airtemperature,80° F; inlet-airdensity,O.0+!6pound per cubio foot.
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Air flow-

(a) Atomiz3ngair off.

(b) Atomizin8air on (wessure, 20 lb/sq in.).

T
C.27429

Figure 10. - Photographshowingeffect of en atomizing SPIW bar on distrtbuticn& a spray
of a 30-peroentslurry of magnesium. Inlet-airvelooity,400 feet per second;apparent
viscosity,400 centipoises;3nlet-eirtemperature,80° F.
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A& flow
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(a) Ccm_entimalV-typ flameholder.

43

(b) 6ooap-t~ flameholder.

=&=
C.27427

Figure 11. - PhotographsBhowingeffect c& side scoops onreoiroulation of fuel behind a
fLmeholder. TMrtyqxmcent slurry; apparent tiscosity, 300 to 600 centipoises; inlet-
air nloclty, 400 feet per semmd; inlet-airtemperature,60° F; til.et-a~bIX3ityj 0.04
pmnd per oubic foot.
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45

Figure 12. - Tail-pipe burner performsnoe of slurries cOnttinhg
o-, 5-, 13-, 30-, and 60-percent atomized magnesium in MU-F-5624
fuel. Oonfiguratlon C.
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(b) Air specific@ml.se.

Figure 12. - Concluded. Tail-pipe burner performanceof slurriescontaining
., 0-, 5-, 30-, and 60-percentatomizedmagnesiumin MIL-F-3624fuel. Con-

figurationC.
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(a) Tail-pipe burner net thrust, inlet velocity, and inlet
total pressure.

Figure 13. - Comparison of tall-pipe burner performance of clear
MIL-F-5624 fuel In configuration D with tail-pipe burner perform-
ance of O-, 30-, and 60-percent atomized magnesfum slurries in
oonflguration C.
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(b) Air specific@ulse. ~

Figure13. - Ccmcluded. Comparisonof tall-pipebum= perfonuance of clear
3!GF-S624 fuel in configurationD with tail-pipeburnerperformanceof O-,
30-, and 60-percentatomizedmagnesiumslurriesin confignratlonC.
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Ii
config- Tail-pipe burner
uration fuel composition

(percent by weight)

100 Maznesium in H

H : T..:C
96 A oI I I I I I I

88 ~ t I i 1 1 I I I 1 I Io 10 20 30 40 50 60
Percent magnesium in total fuel

Figure 14. - Air specific impulse efficiencies at an
equivalence ratio of 1 for slurries of O-, 30-, and
60-percent atomized magnesium in MIL-F-5S24 fuel.
Configurations C and D.

.

.



50 IVACARMIEJC26

4000 &

\

3600

4400 I 1 I i

eoretical data

Fuel composition _
(percent, total)

Magnesium in
aviation gasoline

c)
0 Ill

—— 0
—. — 24
—.-—
—— -.— 1%

Experimental data
. Fuel composition, percent

\
Magnesi@ in MIL-F-5624

Total.fuel Tail-pipe-burnel
3200

\
,

j \

basis fuel basis .
0

G : 3:
0 A % 60

# 2800 ?;, ‘ \b
} \

\ \ .

& Y, —
+. \ i

% 2400
~ \

\ I

+ \ “

2.
\ \ \
\ \

2000 \ \
\
\
\ \
\
\ .
\ \

1600
\ \
\

N
\
\

\<\
1200

\

800
,. I

100 120 140 160 180 200 i
Air specific impulse, sec .,

)

—

u
b’.

Figure 15. - Comparison of fuel specific impulse and air specific
.

Impulse of O-, 30-, 60- ercent atomized-magnesium slurries
(tail-pipe-burnerbasisf’with reference to theoretical values.
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Tail-pipe-burner equivalence ratio

Figure 16. - Effect of slurry composition on heat transfer through
combustor wall.SJIdapparent exhaust-gas tempmture.
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Figure 17. - Oxide formationah fuel 3nJector and flsmeholderafter 30 minutes of crperation
with a LX&percentIKSZSiUm slurry. This VIEW repesents tine targe6t depositsex@mienoed
with operationin ccmf@ratim C.
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